The ability of Sindbis virus to grow in enucleated BHK-21 (vertebrate) and Aedes albopictus (invertebrate) cells was tested to determine the dependence of this virus upon nuclear function in these two phylogenetically unrelated hosts. Although both cell types could be demonstrated to produce viable cytoplasts (enucleated cells) which produced virus-specific antigen subsequent to infection, BHK cytoplasts produced a significant number of progeny virions, whereas mosquito cytoplasts did not. The production of vesicular stomatitis virus in mosquito cells was not significantly reduced by enucleation. That such a host function was not essential for vesicular stomatitis virus growth in insect cells is supported by the observation that the production of this virus by mosquito cells is not actinomycin D sensitive. This result agrees with a previously published report in which it was shown that Sindbis virus maturation in invertebrate cells is inhibited by actinomycin D, indicating a possible requirement for host cell nuclear function (Scheefers-Borchel et al., Virology, 110:292-301, 1981).
The alphavirus prototype, Sindbis, is propagated in nature through growth in both vertebrate and invertebrate hosts. Tissue culture cells of vertebrate and invertebrate origin are available and are susceptible to productive infection by Sindbis virus (21) ; therefore, this system provides the unique opportunity to study the expression of a single unit of genetic information in two phylogenetically unrelated host cell environments. Comparative studies on the replication of Sindbis virus in cultured vertebrate and invertebrate cells have revealed striking contrasts in the morphological and biochemical aspects of virus growth (5, 21) , as well as in the response of the different host cells to the virus infection (5, 7, 15, 18) . It has been shown, for example, that in mosquito cells virus development takes place primarily in membrane-limited vesicles and does not extensively involve the plasma membrane, as is the case in vertebrate cells (5) . Temperature-sensitive mutants readily complement in vertebrate cells, but fail to do so in mosquito cells (14) . Sindbis virus production in cultured mosquito cells requires exogenous methionione (20) and is inhibited by actinomycin D (19) . However, growth is independent of added methionine in cultured vertebrate cells, and virus production is enhanced by actinomycin D treatment (19) . Certainly the most striking and important difference observed in comparative studies on the growth of alphaviruses in cultured vertebrate and invertebrate cells is the response of the cells to virus infection. When cultured vertebrate cells are infected with an alphavirus, synthesis of host protein and RNA is rapidly terminated (23) . High yields of progeny virions are accompanied by gross cytopathic effect, cell death, and lysis in 10 to 20 h. In contrast, after an initial acute phase of infection (during which yields of virus equivalent to those produced by vertebrate cells are realized), cultured mosquito cells survive infection by alphaviruses to produce true persistent infections (5, 14, 15) . The persistent phase of infection is maintained by constant reinfection of spontaneously "cured" cells which appear in the culture (7, 15) ; virus yields are maintained at low levels by the production of a cell-specific, antiviral activity generated by the infected invertebrate cell (16) .
We have recently demonstrated that actinomycin D, in contrast to its enhancement of growth in cultured vertebrate cells (19) , inhibits the production of Sindbis virus in cultured mosquito cells. Production of infectious virions was completely arrested 90 min after the addition of actinomycin D (2 to 4 ,ug/ml) to a virus-infected invertebrate culture. Virus-specified protein synthesis continued in the absence of virus production, and nonvirus-associated protein and hemagglutinating activity were secreted into the media (10) . These data suggest that the continued expression of some labile host function is required for efficient virus replication in invertebrate cells. The lack of sensitivity of virus growth to actinomycin D in cultured vertebrate cells implies that if a similar host function is required for virus growth, it is more stable than in invertebrate cells.
The production of enucleated cells (cytoplasts) from a number of cultured vertebrate cell lines has been described (3, 4, 13, 24) . Enucle fetal calf serum and 10 ,ug of cytochalasin B per ml (final concentrations). Discontinuous Ficoll gradient (consisting of 4 ml of 25%, 4 ml of 17%, 2 ml of 16%, 2 ml of 15%, and 4 ml of 12.5% Ficoll) were preformed and incubated in a 5% CO2 atmosphere at 32°C for 6 to 18 h. A suspension of either cell type (7.5 x 106 cells per ml) was made in a 12.5% Ficoll solution. A 6-ml portion of this cell suspension was then layered onto a preformed Ficoll gradient and overlaid with 15 ml of MEM-spinner culture medium containing cytochalasin B. Gradients were centrifuged in a Sorvall OTD-627 swinging-bucket rotor (OTD-50 ultracentrifuge) prewarmed to the appropriate enucleation temperature. BHK-21 cells were enucleated by centrifugation at 25,000 rpm for 60 min at 31°C. A. albopictus cells required a higher speed of centrifugation (26,500 rpm for 60 min) to achieve maximum efficiency of enucleation and a lower centrifugation temperature (26°C) for best morphological recovery of the cytoplasts. After centrifugation, the 15 to 17% Ficoll region, which contained the cytoplasts, was collected, diluted with 30 ml of growth medium (MEM-Earle salts + 20% fetal calf serum, no cytochalasin B), and harvested by centrifugation at 1,200 rpm for 5 mi in a clinical centrifuge. The pellet was resuspended in MEM-Earle salts, and the cytoplasts were counted and plated into plastic petri plates or onto glass cover slips at the desired density. The cytoplasts were incubated at 28°C for 1 h to allow reattachment and recovery before subsequent treatment, unless otherwise indicated.
In all experiments, control cells (nonenucleated) were "mock treated" with 15% Ficoll in MEM-spinner culture medium containing cytochalasin B (10 ,ug/ml) for 1 h at the temperature appropriate for the cell type, but were not centrifuged. We have shown that cytochalasin B has no effect on Sindbis virus production in intact BHK-21 or A. albopictus cells (1) . In each experiment, cell losses were determined by counting the number of cytoplasts recovered, and enucleation efficiency was assessed by Feulgen nuclear staining of the cytoplasts (6) .
Infection of cells and cytoplasts and radioactive labeling. Cells or cytoplasts were infected at a multiplicity of infection of 100 PFU per cell or cytoplast. After an adsorption period of 1.5 (17) . The coated slides were stored in light-tight desiccated boxes for 1 week, at which time the exposed slides were developed in diluted D-19, as described previously (17) .
Purification of virus. The culture medium containing the 35S-radiolabeled virions (produced from proteins labeled from 3 to 24 h postinfection) was subjected to centrifugation in a clinical centrifuge at 2,000 rpm for 10 min before dialysis overnight versus PBS at 5°C. The Immunofluorescence assay. The immunofluorescent detection of Sindbis virus antigens in the infected cells and cytoplasts was carried out as described previously (22) . Briefly, the infected cells or cytoplasts, growing on glass cover slips, were washed in PBS, fixed in acetone, and then stored at -70°C until used. AntiSindbis serum was prepared against BHK-grown virus as described previously (15) (Fig. 1) revealed the efficiency of enucleation of the mosquito cells to be 90 to 93%, whereas BHK-21 cells were 99 to 100% enucleated. The difference in the efficiency of enucleation of the mosquito cells, relative to the BHK cells, appeared to result from the smaller size of the invertebrate cells. We believe that because the mosquito cells are smaller it is more difficult to create the necessary resistance at the Ficoll interface during the enucleation process.
After enucleation, the resulting cytoplasts were found to readily reattach to the plastic substrate of the culture flasks or glass cover slips (Fig. 1) . Remarkably, many cytoplasts reassumed the morphology characteristic of attached nucleated cells (Fig. 1) .
Viability of the vertebrate and invertebrate cytoplasts was indicated by their ability to exclude the dye trypan blue and concentrate neutral red stain (9) . The metabolic activity of the cytoplasts, relative to the nucleated cells, was further determined by comparing their ability to incorporate [35S]methionine into trichloroacetic acid-insoluble material through protein synthesis. Freshly prepared cytoplasts of BHK-21 or A. albopictus cells were incubated at 28°C for 3.5 h.
[35S]methionine was added to a final concentration of 30 pCi/ml, and the cytoplasts were incubated for an additional 30 min at 28°C. A similar experiment with nucleated cells was conducted as a control. At the end of the labeling period, the total counts per minute incorporated into trichloroacetic acid-insoluble material was determined as described above. The results of a typical experiment are presented in Table 1 . (4, 12) . A. albopictus cytoplasts, on the other hand, produced only 1% of the number of PFU produced by intact mosquito cells. BHK cytoplasts readily incorporated label into physical virus particles, whereas little label could be detected in virus from A. albopictus cytoplasts (Table 2 ). These data show that, although cytoplasts of both BHK-21 and A. albopictus cells are capable of synthesizing protein to approximate one-half of normal levels (see Table 1 ), BHK cytoplasts produce significant amounts of virus, whereas A albopictus cytoplasts do not. The net reduction in yield of virus effected by the enucleation of A. albopictus cells is similar to the reduction in yield obtained by actinomycin D treatment (19; Table  3 ). As a control for the functional capacity of the cytoplasts and to further define the host role in Sindbis virus infection, the replication of VSV in BHK and mosquito cells treated with actinomy- Table 3 . VSV grew to slightly lower final titers than Sindbis virus in cultured mosquito cells and cytoplasts. We confirmed the observation of Scheefers-Borchel et al. (19) that actinomycin D inhibits the growth of Sindbis virus in mosquito cells by 100-fold. We also found that actinomycin D treatment does not inhibit VSV production in mosquito cells. Similarly, VSV grew more efficently in cytoplasts of A. albopictus than did Sindbis virus. It is important to emphasize that the reduction in VSV yield seen in A. albopictus cytoplasts (50%, Table 3 ) is equal to the reduction in the protein-synthesizing capability of the cells after enucleation (Table 1) . This important control underscores the viability of the cytoplasts and demonstrates their competence to produce virus. These observations underscore the specific requirements of Sindbis virus for host nuclear functions in cultured invertebrate cells.
Replication of Sindbis virus in A. albopictus cytoplasts infected before and after enucleation. A. albopictus cells were infected at times before and after enucleation to determine whether: (i) reduced virus yields in the cytoplasts were due to an inability to infect the cytoplast with virus (infection before enucleation); (ii) at some critical point after infection, the presence of the nucleus would no longer be necessary for virus production (infection before enucleation); (iii) the net yield of virus per cytoplast would be significantly reduced as the cytoplasts became older (infection post-enucleation). The results of these experiments are presented in Table 4 and show that virus yields do not increase if cytoplasts are produced after infection, enucleation does not reduce yields by blocking infection, and infection of aged cytoplasts did not significantly alter the result seen when cytoplasts were infected immediately after enucleation.
Presence of Sindbis virus antigen in infected A. albopictus cytoplast. Immunofluorescent labeling of infected BHK and A. albopictus cells and cytoplasts (using rhodamine-conjugated goat anti-rabbit serum, as second antibody) was carried out as described above to determine the percentage of cells or cytoplasts which became virus antigen positive after infection. Uninfected cells were used as controls, and no fluorescence above background was detected in the absence of virus infection. Cytoplasts of both cell types were prepared and subsequently infected, as described above. Cells, or cytoplasts, were prepared for fluorescent labeling at 9 h postinfection. Figure 2 shows the result of labeling mosquito cytoplasts. Cytoplasts of both BHK and mosquito cells were found to be nearly 100% Sindbis antigen positive by this procedure ( Cytoplasts of A. albopictus cells (prepared as described in the text) were infected with Sindbis virus and maintained at 28°C for 9 h. The infected cytoplasts were fixed and stained with fluorescent antibody, as described in the text. Most cells were found to be virus protein positive; a few virus protein-negative cytoplasts were also seen (arrows). x150.
2 shows a few fluorescence-negative cytoplasts). Thus, the majority of mosquito cytoplasts are capable of supporting the production of Sindbis virus protein.
DISCUSSION
The data presented above show that enucleated mosquito cells, unlike enucleated vertebrate cells, are incapable of producing significant amounts of Sindbis virus. This result supports a previous conclusion from our laboratory that the constant production of some cellular function is required for Sindbis virus production in invertebrate cells (19) . This observation adds to the increasing list of differences in the biochemical, morphological, and genetic profile of alphavirus development in vertebrate and invertebrate cells (see above).
The observations presented above confirm the sensitivity of Sindbis virus growth in mosquito cells to actinomycin D and further demonstrate that the rhabdovirus VSV does not exhibit such a sensitivity. Thus, rhabdoviruses, unlike alphaviruses, do not require ongoing nuclear functions for growth in mosquito cells.
Previous studies from this laboratory and from the laboratories of others have underscored the nonpathogenic nature of alphavirus growth in cultured cells of invertebrate origin. Even in those instances when cytopathic effects can be demonstrated in alphavirus-infected invertebrate cells, the cells recover to yield a persistently infected culture (10) . The inability of alphaviruses to terminate host RNA and protein synthesis in the invertebrate cell implies a coexistence of virus functions with normal cell processes. We have suggested that this coexistence is fostered, in part, by a compartmentalization of virus synthesis (5, 14) , accompanied by the production of an antiviral activity in the infected mosquito cell (16) . The apparently complete lack of dependence on new host protein synthesis in cultured vertebrate cells (suggested by insensitivity to actinomycin D and enucleation) suggests that all cellular functions required for virus synthesis and assembly are in place and stable during the period of maximum virus production. The apparent dependence of alphavirus maturation in invertebrate cells on continued host macromolecular synthesis during infection indicates that subtle differences in the biochemistry of the invertebrate cells have allowed the development of a virus-host relationship in which failure to terminate host nuclear functions ensures a continued supply of a host factor(s) essential to virus production. Studies are in progress in this laboratory to identify such a factor(s).
brate cells with actinomycin D or cx-amanitin results in an inhibition of virus-specified RNA synthesis and progeny virus production. Identical experiments conducted with vesicular stomatitis virus revealed production of this rhabdovirus to be insensitive to actinomycin D (R. S. Baric, L. J. Carlin, and R. E. Johnson, J. Virol. 45: [200] [201] [202] [203] [204] [205] 1983 ). This result suggests that alphavirus production requires host nuclear function in vertebrate cells, as we have demonstrated here in invertebrate cells. Host participation in vertebrate virus production is mediated by factors which are more stable than those produced by invertebrate hosts.
